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Modeling and analysis of voltage-dependent photo and dark current 
characteristics of Bulk Heterojunction organic solar cells. 
Md Mesbahus Saleheen 
Over the past decade, bulk heterojunction (BHJ) polymer solar cells based on blends of 
conjugated polymers and fullerene derivatives (e.g., P3HT:PCBM blend) have drawn a 
huge attention in research due to their high conversion efficiency, solution-based easy 
fabrication, and abundant availability. Although presently BHJ cells show a reasonable 
power conversion efficiency (almost 10 %), further efficiency improvements/optimizations 
seem very likely by better understanding the operating principles through accurate physics-
based modeling and optimizations. 
 
In this thesis, a physics-based explicit mathematical model for the external voltage-
dependent forward dark current in bulk heterojunction (BHJ) organic solar cells is 
developed by considering Shockley-Read-Hall (SRH) recombination and solving the 
continuity equations for both electrons and holes with proper boundary conditions. An 
analytical model for the external voltage-dependent photocurrent in BHJ organic solar cells 
is also proposed by incorporating exponential photon absorption, dissociation efficiency of 
bound electron-hole pairs (EHPs), carrier trapping, and carrier drift and diffusion in the 
photon absorption layer. Modified Braun’s model is used to compute the electric field-
dependent dissociation efficiency of the bound EHPs. The overall net current is calculated 
considering the actual solar spectrum. The mathematical models are verifield by comparing 
the model calculations with various published experimental results. We analyze the effects 
of the contact properties, blend compositions, charge carrier transport properties (carrier 
mobility and lifetime), and cell design on the current-voltage characteristics.  The power 
conversion efficiency of BHJ organic solar cells mostly depends on electron transport 
properties (both the mobility and lifetime) of the acceptor layer. The results of this paper 
indicate that improvement of charge carrier transport (both mobility and lifetime) and 
dissociation of bound EHPs in organic blend are critically important to increase the power 
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CHAPTER 1: INTRODUCTION 
 
1.1 Why need solar cell? 
Solar energy is an important part in our life since the beginning of time. Increasingly, 
humans are trying to develop new techniques to make the best use of this vital resource 
and use it as a replacement of traditional energy sources like fossil fuels. In order to keep 
up with the growing energy consumption for an advanced living standard, the modern 
human civilization depends mostly on fossil fuels [1]. The pie chart in Fig. 1.1 shows the 
worldwide energy consumption in terms of primary energy sources. Figure 1.1 shows that 
about 87% of the total energy is produced from coal, natural gas and oil which are limited 
and cannot be replenished [2]. Another drawback of burning fossil fuels is the global 
warming. Therefore, the world will face a serious problem in future unless an alternative 
is found out. Solar energy is the best possible option to the scientists and researchers as the 
energy from sun is infinite. Moreover, it is considered as a clean energy source since it 
does not affect the environment or create a threat to Eco-systems the way oil and some 
other energy sources might. Furthermore, solar energy is inexpensive, free and abundantly 
available in most part of the world whereas the fossil fuels are expensive to retrieve from 
the earth and expensive to use [3].  
 
Figure 1.1 Energy consumption from primary energy sources in 2015 [2] 
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1.2 Background history and types 
Alexandre Edmond Becquerel was the first who discovered the photovoltaic (PV) effect. 
In the year 1839 he observed the photo-electrochemical process when platinum (Pt) 
electrodes, covered with silver bromide (AgBr) or silver chloride (AgCl), were illuminated 
in aqueous solution. However, the first reports on photoconductivity were made by Smith 
and Adams in 1873 and 1876 respectively while working on selenium (Se). Anthracene 
(C14H10) was the first organic compound where photoconductivity was detected by 
Pochettino and Volmer in 1906 and 1913 respectively [4]. In the late 1950s and 1960s the 
potential use of organic materials as photoreceptors in imaging systems was recognized. In 
the early 1960s it was discovered that many common dyes, such as methylene blue, had 
semiconducting properties which were among the first organic materials to exhibit the PV 
effect. Although much progress has been made over the past few years organic PVs has 
not yet reached the market place unlike inorganic solar cells. In 1954, the first silicon 
inorganic solar cell was developed at Bell Laboratories by Chapin et al. This cell had an 
efficiency of 6%, which was later increased to 10% [5].  
Basically, solar cells contain materials with semiconducting properties in which excitons 
are generated upon absorption of light energy and then separated by an internal electric 
field that induces a voltage and direct current when connected to a load. Generally, PV 
cells are of two kinds – organic and inorganic. Figure 1.2 shows the various types of PV 
cells. Almost 90% of the total PVs in the market are made of crystalline silicon because it 
is stable, it relies on established process technologies and in general it has proven to be 
reliable. The thin film technology based solar cells typically can achieve efficiencies of 7-
13%. Although mass production of thin film solar cells is easier than crystalline-based 
modules, it requires a lot of space. Therefore, these modules are not suitable for residential 




Figure 1.2 Classification of PV solar cells [7] 
Another emerging and potential type of solar cell is the organic solar cell (OSC). They 
have low weight and very lower manufacturing cost compared to the conventional 
inorganic technologies. In addition, OPVs can be easily integrated into other products and 
most importantly has low environmental impact during manufacturing and operation [8]. 
The performance of the bulk heterojunction (BHJ) organic solar cells has been improved 
considerably during the last few years. Albeit BHJ models predict power conversion 
efficiencies in the range of about 10-15% but commercial BHJ-module with ~6% 
efficiency are feasible today [9]. Therefore, an extensive research on improving their 
performance is required to achieve the maximum efficiency. 
 
1.3 Brief literature review and motivation 
Bulk heterojunction (BHJ) polymer solar cells based on blends of conjugated polymers and 
fullerene derivatives (e.g., P3HT:PCBM blend) have made huge progress in research over 
the past decade due to their high conversion efficiency, solution-based easy fabrication, 
and abundant availability [10,11]. A clear knowledge and understanding the operating 
principles through accurate physics based modeling and optimization can make these cells 
4 
 
even more efficient, although currently they show a reasonable power conversion 
efficiency (almost 10%). A high binding energy of the bound electron-hole pairs (EHPs) 
due to low dielectric constant (εr) of organic materials reduces the number of 
photogenerated free carriers [12]. The photo generated electron and its twin hole (geminate 
pair) cannot immediately escape from their mutual columbic attraction. Therefore, it has 
to dissociate to create free charges. Not all the geminate pairs dissociate to free charges 
rather there is a dissociation probability M. Then the free carriers drift across the 
photoconductor layer (active layer) by the built-in electric field and some of the carriers 
are lost by deep trapping/recombination. At the optimum operating voltage, the built-in 
electric field is decreased which reduces the charge collection efficiency of the 
photogenerated carriers. Moreover, at the same time, the forward diode-like current 
(commonly known as the dark current) increases considerably. Both the photo and dark 
currents critically depend on the carrier transport properties of the blend (active layer) and 
cell structure. Thus the overall cell efficiency is mainly dominated by the photon 
absorption, dissociation efficiency of bound EHPs, charge collection efficiency and dark 
current. 
Several groups have done research on the modeling of the current-voltage (J-V) 
characteristic of organic solar cells. For instance, Marsh et al. [13] offered a model where 
drift and diffusion charge transport has been neglected which limits its accuracy. Kumar et 
al. [14] proposed a model where the carrier generation and recombination processes are 
not taken into account. Again, a physics-based analytical model was given by Altazin et al. 
[15] assuming that the recombination rate is much smaller than the generation rate. 
Schilinsky et al. [16] modeled the BHJ solar cells without considering the initial 
recombination of photogenerated bound EHPs (i.e. dissociation efficiency of bound EHPs 
has been neglected). Several previous models [12,17] used Braun model based on Onsager 
theory, to compute the escape probability which does not agree well with the exact 
extension of Onsager theory [18]. The modified Braun’s model is more accurate to estimate 
the escape probability since the BHJ OSCs operate within the valid field limit of the 
modified Braun’s model. 
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Arnab et al. [19] proposed a model for the BHJ OSCs where an exponential photon 
absorption rate and actual solar spectrum are considered to measure the photocurrent 
densities at different voltages. Nevertheless, the model has used the common diode 
equation for dark current whose validity in BHJ solar cells has not yet been justified. And 
also the charge carrier concentrations at the contacts are not fixed in that model. Besides it 
ignored the contact effects. M.K. Alam et al. [20] proposed a physics-based analytical 
model for solar cells incorporating monomolecular recombination mechanism. In this 
model, a fixed carrier density is considered on both sides of the contacts. However, this 
model did not show any closed form dark current expression for the BHJ solar cells. 
Therefore, an explicit physics-based model for the voltage-dependent photo and dark 
currents is highly desirable for enhancing the efficiency and optimizing the design. Thus, 
in this thesis, a complete model, including photo and dark current model for BHJ solar cells 
is proposed.  
1.4 Research objective 
The dark current versus voltage behavior has a significant effect on the overall current-
voltage characteristics of the solar cell. Though the common diode equation has been used 
for the dark current, its validity in BHJ solar cells has not yet been justified [21]. Kumar et 
al. [14] proposed an analytical expression for the dark current considering carrier drift and 
diffusion across the active layer. Since there exists quasi fermi levels all over the active 
layer, the recombination current should be the dominant dark current mechanism in BHJ 
solar cells. Therefore, the objective of this thesis is to develop a comprehensive dark 
current model so that it can explain different effects (e.g. mobility and lifetime effects) on 
device performance. To achieve that goal, this research work is divided into several tasks:  
 Firstly, to develop a physics-based mathematical model for the external voltage-
dependent forward dark current by considering SRH recombination in the active 
layer and then compare the model calculations with the published experimental 
results on the dark current behavior.  
 Secondly, to develop a model for photocurrent with proper boundary conditions 
and considering the contact effect. Then to find out the net external current of the 
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cells by summing up the dark and photocurrent, and compare it with the published 
experimental results.  
 Finally, to compare the analytical model with the published experimental results in 
order to determine the carrier transport properties and, effects of charge dissociation 
and carrier transport properties on the cell efficiency. Also, to examine the effects 
of the contact properties, blend compositions, charge carrier transport properties 
(carrier mobility and lifetime), and cell design on the current-voltage 
characteristics. 
 
1.5 Thesis outline 
The thesis is outlined as follows: 
Chapter 2 includes some fundamental knowledge necessary to understand the research 
work in this thesis. For instance, structure and properties of P3HT:PCBM blend and their 
working principles. Besides, the characteristics of BHJ organic solar cells i.e. J-V 
characteristics, incident photon to electron conversion are briefly discussed. Moreover, the 
existing J-V model for P3HT:PCBM is also outlined. 
In Chapter 3, analytical voltage dependent dark current models are proposed based on 
different methods. These models are then investigated with three sets of experimental data 
on dark current. The best fitted model is then used for further calculation. Furthermore, the 
energy band diagram, recombination rate, carrier concentration in dark condition are also 
described. 
Chapter 4 provides a voltage dependent photocurrent model. The best fitted dark current 
model from the previous chapter is chosen to calculate the net external current. Series and 
parallel resistances are also taken into account to get the net external photocurrent. Then, 
the model is fitted with the experimental data to verify its validity. The effects of various 
parameters such as thickness, carrier mobility, injection barrier, carrier lifetime on current-
voltage characteristics are also shown. 
Chapter 5 concludes the thesis summarizing the important outcomes of the thesis and 
mentioning further works for future research and improvement. 
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CHAPTER 2: BACKGROUND THEORY 
 
2.1 Introduction 
This chapter provides some background knowledges regarding organic solar cells so that 
this thesis work can be fully understood. The structure of the BHJ solar cells, material 
properties, operating principle, current-voltage (J-V) characteristics and existing J-V 
models are discussed here. 
2.2 Structure of P3HT:PCBM blend organic solar cell 
The bulk heterojunction (BHJ) organic solar cell (OSC) configuration is shown in Fig. 2.1, 
where poly (3-hexylthiophene) and [6,6]-phenyl-C61-butyric acid methyl ester 
(P3HT:PCBM) are blended together to form the active layer in order to get high efficiency. 
P3HT and PCBM are used as donor and acceptor materials, respectively. The donor-
acceptor blend is sandwiched between two electrodes with different work functions. The 
absorption coefficient depends on the weight ratio of P3HT:PCBM.  
 
Figure 2.1 Configuration of P3HT:PCBM based BHJ OSC [20] 
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A transparent conductive polymer layer, poly(3,4-ethylenedioxythiophene):poly 
(styrenesulfonate) (PEDOT:PSS), is placed between the active layer and the anode to 
expedite the photogenerated holes to travel to the front contact. The anode (i.e. Indium Tin 
Oxide) forms an ohmic contact for easy movement of the generated carriers and also avoids 
unwanted absorption of the solar spectra. A schematic potential energy diagram of this 
structure (before the materials are brought into contact) is shown in Fig. 2.2. 


















. . . . . . 
. . . . . . 
. . . . . . 
. . . . . . 
 
Figure 2.2 Potential energy diagram of BHJ OSC (before the contact) [20] 
The dotted line indicates that there are many junctions in the active layer. For simplicity, 
only one junction is shown. 
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2.3 Properties of P3HT:PCBM blend  
In recent years, conjugated polymers have drawn huge interest due to their solubility and 
electrical conductivity. Among all polymers, P3HT is widely used in the organic solar cell 
technology because of its large absorption coefficient (in the visible spectra in the order of 
105 cm-1 [22]), low band gap energy, high carrier mobility. The chemical structures of 





Figure 2.3 Chemical structure of P3HT and PCBM [scheme 1 of Ref. 23] 
The PCBM is a fullerene derivative of the C60. High electron affinity, good electron 
mobility and effective transport of charges have made fullerenes ubiquitous acceptors [24]. 
In the last decade, PC60BM and its corresponding C70 derivatives (PC70BM) have been used 
as acceptors in organic solar cells (OSCs). Although PC70BM possesses strong absorption 
coefficient in the visible range, C70 is much more expensive due to its tedious purification 
process [25]. The electron affinity (X) of PCBM is ~4.2 eV, a bit larger than that of P3HT. 
Thus, electrons can be easily transferred from the lowest unoccupied molecular orbital of 
the donor (LUMO-D) to the LUMO of the acceptor (LUMO-A). The offset between the 
LUMO-D and the LUMO-A can be reduced by fine tuning of the band gap which in turn 
increases the open circuit voltage, Voc [26]. There are several ways to tune the bandgap of 
10 
 
PCBM such as synthesizing bisadduct analogue of PCBM [26] and adding substituents on 
the phenyl ring or modifying the electronic band structure by electron irradiation [27]. 
Moreover, PCBM exhibits good solubility in organic solvent which makes it a suitable 
choice for BHJ solar cell. 
Absorption coefficient of the blend can be improved by annealing at various temperatures 
and increasing the weight ratio of PCBM in the blend. Figure 2.4 represents the change in 
absorption coefficient of the blend with the weight ratio between P3HT and PCBM [28]. 
As we increase the weight ratio of PCBM in the blend, the absorption coefficient for the 
wavelength in between 425 and 700 decreases but below 425 nm it increases. When the 
PCBM weight percentage in the blend is increased beyond the 1:1 composition then a rapid 
decrease in the absorption coefficient is observed. The intermolecular packing structure of 
P3HT can be preserved if the weight ratio of PCBM is restricted below 1:1 composition 
[28]. 
 
Figure 2.4 Absorption coefficient vs different weight ratio between P3HT and PCBM [28] 
 
Annealing is a way of improving the efficiency of polymer photovoltaic cells. Optical 
properties and microphase separation of the blend can be changed by this method. Fig. 2.5 
11 
 
depicts the absorption spectra of the PSC devices based on P3HT:PC61BM blend treated at 
three different temperature. It has been found that if the annealing temperature is increased 
from 130°C to 150°C the short-circuit current (Jsc) is increased from 11.56 mA/cm
2 to 
12.78 mA/cm2 [29]. It is because the higher the temperature is the more the crystallinity of 
PCBM in blend is enhanced. However, the highest PCE is obtained at 170°C which is 
4.55% though the Jsc is decreased. The reason behind this is PC61BM clusters length is 
expanded with the temperature. Higher performance is achieved if PC71BM is used instead 
of PC61BM in the blend [29].  
Table 2.1 shows the charge carrier properties of the fullerene-polymer organic solar cell. 
The data given in the table are found experimentally by different researchers. In polymer-
fullerene based organic solar cells usually the mobility of electrons is a bit higher than the 
holes. Some researchers did not specify the electron and hole transport properties (mobility 
and lifetimes) separately rather they used a common value for all carriers. The parameters 
used to simulate the models that will be discussed in the next two consecutive chapters, 
have a good agreement with the mentioned range.   








9.4×10-4 1×10-5 1:0.8 30 
2×10-3 ~ 3-1×10-4 1:0.75 31 












Fig. 2.5 shows the absorption spectra of the P3HT: PCBM blend with the change of 




Figure 2.5 Absorption spectra of the P3HT:PC61BM blend for three different temperatures 
[Fig 6 of Ref. 29]  
 
2.4 Working principles of organic solar cells 
Solar cells convert the optical energy into the electrical energy upon absorption of light 
particles or photons. This conversion process is done through several steps. These steps are 
as follows. 
2.4.1 Photon absorption and exciton generation 
When photons are incident on the P3HT:PCBM solar cell they will be absorbed in the 
blend. However, instead of generating free carriers bounded electron-hole pairs will be 
created because of the low dielectric constant of organic material [35,36]. This bounded 
electron-hole pair is called an exciton, with a binding energy of 0.1-1.4 eV [31], very high 
value compared to the inorganic semiconductors. That is why, in inorganic materials 
electron-hole pair can be dissociated easily by absorbing thermal energy. The photon 
absorption also depends on the absorption coefficient of the active layer (105 cm-1 for 
organic materials [37]) and its thickness. Although OSCs have thickness limitations, a few 























of light [38]. Fig. 2.6 shows the sun spectrum at AM 1.5 [39]. It has been observed that 
almost 77% of the light spectrum is absorbed when the LUMO-HOMO difference is 1.1 
eV [40]. The absorption efficiency can be improved if small band gap materials are used. 
 
Figure 2.6 Solar spectrums at AM1.5 [39] 
 
2.4.2 Exciton diffusion and dissociation 
The next step is to separate the bound electron-hole pairs so that they can lead to electricity 
generation. This is done by introducing a secondary organic material in the active which 
has an energetically lower lying LUMO-level (as shown in Fig. 2.7). If an exciton is 
generated in donor material, it drifts towards the heterojunction and the electron then can 
easily transfer from the exciton to LUMO of acceptor as the potential difference between 
the donor HOMO and acceptor LUMO is lower than the energy of the exciton, while the 
hole remains in the donor HOMO. For this reason, the material with the highest LUMO is 
called the electron donor while the other is called the electron acceptor. After the 
dissociation at the heterojunction, electron-hole pair forms a charge pair called a geminate 
pair, which are still bounded by the coulombic attraction. Hence, a strong internal field is 

































Figure 2.7 The process of photon absorption to photocurrent generation in P3HT:PCBM 
blend 
 
The average distance that an exciton travels before recombination is the diffusion length. 
If an exciton generates at a distance from the heterojunction longer than its diffusion length 
then it will recombine before it gets dissociated. Hence, the active layer has to be kept thin 
to increase the dissociation efficiency. Again, if the length of the absorber layer is 
decreased then there will be lower absorption. Therefore, an optimum thickness is selected 
to achieve the highest efficiency. 
 
2.4.3 Charge carrier transport 
After the dissociation process, the charge pairs have to travel to electrodes for collection 
before they recombine. Drift and diffusion currents are the main driving forces for the 
charge transport. The drift current results from the carrier movement along the potential 
gradient within the solar cell, whereas the diffusion of carriers along the concentration 
gradient generates diffusion current. The potential gradient is the difference between the 
work functions of the two electrodes. Usually, anode with higher work function and 
cathode with lower work function are selected and this difference creates a built-in electric 
field that determines the open circuit voltage (Voc) of the cell. An external bias will modify 
the internal electric field and the carriers will move along the resultant internal electric field 
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towards the respective electrodes for collection. Another charge transport mechanism is 
the diffusion. The concentration of electrons and holes are actually higher around the 
heterojunction because geminate pairs are generated around the heterojunction. For this 
reason, carriers will diffuse along the concentration gradient away from the heterojunction. 
The diffusion current mostly dominates when the applied external bias will almost nullify 
the internal electric field.  
The carrier transport is limited by the mobility in the active layer. Since hole and electron 
mobilities are lower in organic materials, the active layer thickness should be kept as small 
as possible to allow the carriers to reach the electrodes before they recombine.  
 
2.4.4 Charge collection at electrodes 
When the charge carriers reach to their respective electrodes, they are extracted from the 
active layer. To obtain the highest efficiency in charge collection, the potential barriers at 
the active layer/electrode interfaces have to be minimized. Therefore, the anode and 
cathode are selected very carefully so that the anode work function matches the donor 
HOMO and the cathode work function matches the acceptor LUMO. This type of contact 
is called the ohmic contacts.  
Usually, indium tin oxide (ITO) is used as an anode material as it has a very high work 
function of about 4.7 eV [38] and a good match with the HOMO of P3HT [41]. Instead of 
ITO, high work function metals (e.g. Au (5.1 eV)) can also be used as an anode contact 
[42]. For cathode contact, low work function metals such as Al (4.2 eV) are mainly used. 
There are several ways to achieve the work function matching, e.g. changing absorber 
materials, and inserting interlayers between the electrodes and the active layer. Besides, 
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increasing the roughness or interface area of the electrodes can improve the charge 
collection efficiency [43,44].  
 
2.5 Characterization of OSCs 
2.5.1 Current-voltage characteristics 
Accurate measurement and characterization of OSCs are typically done under 1000 W/m2 
light of AM 1.5 solar spectrums [45]. The J-V curve can be explained by the Shockley 








 )()()(        (2.1) 
where V is the applied bias, J is the net external current density, Jdark is the dark current 
density, Jph is the photocurrent density and Rs, Rp are the series and parallel area resistances 
respectively. The J-V curve represents a number of parameters which are used to evaluate 
the performance of a solar cell such as open circuit voltage (Voc), short circuit current 
density (Jsc), fill factor (FF), power conversion efficiency (PCE), series resistance (Rs) and 
parallel resistance (Rp). Fig. 2.8(a) shows the equivalent circuit model of a practical solar 















Figure 2.8 (a) Equivalent circuit model of practical solar cell. (b) J-V curve of a typical 
solar cell showing both dark and illuminated curves separately [Fig. 2 of Ref. 46]. 
 
2.5.1.1 Short circuit current density (Jsc) 
The short-circuit current is the current at which the external applied voltage is 0 i.e. the 
output terminal is in short circuit condition. Jsc denotes the net current density in the 
external circuit at the short-circuit condition. Fig. 2.8(b) shows the Jsc in the J-V curve. In 
ideal condition, short-circuit current is equal to the photocurrent. 
2.5.1.2 Open circuit voltage (Voc)  
The open circuit voltage is the maximum voltage available from a solar cell when the 
terminal is open. Voc mainly depends on the work function of metal contacts. If the contact 
is Ohmic, Voc is then dependent on the HOMO-LUMO difference between the donor and 




































JJ     (2.2) 
where n is the ideality factor and Jo is the reverse saturation current density, Vt = kT/e is 
the thermal voltage. 
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2.5.1.3 Fill factor (FF) 




FF maxmax          (2.3) 
where maxJ and maxV are the current density and voltage for maximum output power 
respectively. As shown in the equation above, FF is the ratio of the maximum output power 
to the maximum attainable output power. Graphically it is a measure of ‘squareness’ of the 
solar cell and also defines the area of the largest rectangle that fits in the J-V curve. 
2.5.1.4 Power conversion efficiency (PCE) 








PCE  max         (2.4) 
where inP  is the input optical power density. 
2.5.1.5 Series resistance (Rs) 
Series resistance arises due to the charge carrier movement in the semiconductor materials, 
contact resistance between semiconductor and electrodes and the resistance of the electrode 
materials. High value of series resistance can reduce Jsc which in turn lower the fill factor 
of the solar cell. Rs can be defined as the inverse of the slope of J-V curve at the Voc point. 
2.5.1.6 Parallel resistance (Rp)  
Shunt or parallel resistance can cause significant power loss in the solar cell. Due to the 
manufacturing defects, alternate path may be created for the light-generated carriers to 
move and eventually recombine. For low parallel resistance, these carriers may take these 
alternate path which results in low photocurrent flow through the external circuit.   
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2.5.2 Incident photon to electron conversion efficiency (IPCE) 
To characterize a solar cell fully J-V characteristics are not quite adequate as they lack 
information about the optical factors. For this reason, the measure of incident photon to 
electron conversion efficiency is needed. IPCE is equivalent to external quantum efficiency 
(EQE). It is the ratio of the number of charge carriers collected by the electrodes to the 
number of photons of a given energy incident on the solar cell from outside. IPCE is highly 
dependent on the absorption curve of the active layer.  
2.5.3 Existing J-V model for P3HT:PCBM blend of BHJ OSCs 
The photocurrent for an ideal solar cell does not depend on the external voltage and is given 
by the following equation, 
egLJ ph            (2.5) 
where, g is the generation rate and L is the active layer length. The recombination rate is 
neglected in the ideal solar cell assuming that the carrier lifetime is greater than the transit 
time. 
Sokel and Hughes et al. [47] proposed a voltage dependent photocurrent model in which 






































       (2.6) 
However, their model is based on an empirical expression. Besides, the J-V curve of this 
model cannot explain clearly the exact effect of various important parameters. 
The performance of BHJ solar cells mostly depends on the dissociation efficiency of the 
blend layer. Therefore, Deibel et al. [48] suggested a model where carrier generation is 
estimated based on Braun model. The field dependent generation rate is given by 
   FTPgFTg ,,           (2.7) 
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           (2.10) 
where,  is the sum of the electron and hole mobility, a is the initial polaron-pair radius, 
F is the electric field, ε is the effective dielectric constant, Eb is the coulombic binding 
energy and kf is the geminate recombination rate. However, the dissociation efficiency, 
which has been calculated by the Braun model, is based on the Onsager theory. Later, 
Wojcik and Tachiya [18] showed that the difference between Braun model and the exact 
extension of Onsager theory is significant and cannot be ignored.  
Schilinsky et al. [16] proposed a photocurrent model based on the average mean carrier 














































 where Vbi is the built-in potential (2.11) 
However, in the above equation direct carrier recombination is not taken into account. 
Besides, an internal quantum efficiency of 100% is assumed while estimating the Jsc, 






CHAPTER 3: ANALYTICAL DARK CURRENT 
MODEL 
3.1 Introduction 
In this chapter, a physics based analytical dark current model and its mechanism will be 
discussed. In organic donor-acceptor (DA) solar cells, the current that flows in the absence 
of light illumination is called the dark current. Dark current is a very important parameter 
in OSCs as this current limits the performance of a solar cell. In many previous works, 
Shockley diode equation was used to model the dark current in donor-acceptor organic 
bulk heterojunction solar cells. The Shockley diode equation is good for p-n abrupt diodes. 
The BHJ structure is not exactly a p-n diode. Therefore, the models based on Shockley 
equation cannot properly describe the processes responsible for dark current. For this 
reason, an analytical model for dark current analysis is necessary to describe all the 
unexplained matters. 
The dominating loss factor in BHJ organic solar cells is one of the most debated topics in 
recent time. In early BHJ, the initial geminate recombination was the dominant loss 
mechanism [12]. The dissociation efficiency has been improved in some recent blends and 
becomes close to unity. For example, cells made of a blend of the conjugated polymer 
poly[N-9”-hepta-decanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-
benzothiadiazole)] (PCDTBT) with the soluble fullerene derivative (PCBM) show near to  
unity dissociation efficiency [49]. However, their cell efficiency strongly depends on the 
charge collection efficiency due to trapping/recombination of free carriers. Traditionally, 
bimolecular recombination processes in organic solar cells have been discussed extensively 
in the scientific literature and Shockley-Read-Hall (SRH) interface states at the bulk 
heterojunction has been considered, but largely discarded. Recently, however, Street et al. 
[21] concluded that recombination of mobile carriers at SRH-type interface states at or near 
the buried heterojunction is the dominant recombination mechanism. Shuttle et al [50] 
showed that the bimolecular recombination coefficient depends on the charge carrier 
concentration in a way that the recombination coefficient becomes equivalent to the SRH-
type trap-assisted recombination. Moreover, Mandoc et al. [51] showed that, for 1 sun 
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intensity or less, the SRH-type recombination dominates over the bimolecular 
recombination. Therefore, for simplicity, the trap-assisted (first order) monomolecular 
recombination is considered in this thesis. 
Since there exist quasi fermi levels all over the active layer if an external voltage is applied, 
the recombination current should be the dominant dark current mechanism over drift and 
diffusion currents in the OSCs. This chapter combines selected material from my published 
journal paper.1  
 
3.2 Theoretical dark current model 
The active layer or blend layer is contacted by two metals: one of high work function, a  
(anode) and the other one of low work function, c (cathode). The work function difference 
is called the built-in potential,  
21   gcabi EeV ,        (3.1) 
Due to this work function difference of the metals, the bands are tilted. When the applied 
bias is zero, the fermi-levels of the both sides are aligned together.  The voltage applied 
between the contacts modifies the tilt of the band which results in the change in electric 
field across the active layer. When the blend layer is contacted by the metals, the system 
comes to equilibrium within a very short time and then the fermi levels of the both sides 
are homogeneous (i.e. are fixed at the same energy level). Fig. 3.1 represents the energy 
band diagram of a BHJ organic solar cell at thermal equilibrium. However, once there 
exists the external voltage in the system, this voltage creates a separation of fermi levels 
which we call quasi-fermi levels that reduces the tilt of the bands and the electric field of 
the layer. 
                                                 
1 Saleheen, M., Arnab, S. M., & Kabir, M. Z. (2016). Analytical Model for Voltage-Dependent Photo and 















Figure 3.1 A typical energy band diagram of a BHJ solar cell under zero applied bias 
(V=0). Here x is the distance from the anode (radiation-receiving electrode). 
 
The free electrons in the active layer travel through the acceptor towards the back contact 
whereas the holes remain in the donor and travel towards the radiation-receiving electrode 
(top contact). The free carriers move both by the drift and diffusion. The built-in electric 
field in the active layer assists the drift process. Hernandez-Garcia et al. [52] showed that 
the electric field is almost uniform across the active layer if the layer thickness is in the 
range of few hundreds nm or less. In fact, the optimum active layer thickness for the BHJ 
photovoltaics is 70-200 nm [49,53]. Therefore, the electric field F is considered uniform 
across the active layer. The drift mobility () and carrier lifetime () of holes and electrons 
are also considered uniform to allow the problem to be analytically tractable [54]. 













JVJ exp         (3.2) 
where oJ  is the reverse saturation current density, sR is the series area resistance, tV  is the 
thermal voltage and n  is the ideality factor. In standard p-n junction theory, 2n  is 
identified as a value for junction recombination and 1n  represents the neutral region 
recombination. In the dark condition, recombination is the dominant mechanism for 
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generating current. It has been reported that for polymer-fullerene organic solar cells, 
ideality factors ranges from 1.3-2.0. R. A. Street et al. [21] suggested that the ideality factor, 
65.1n , T. Kirchartz et al. [57] shows that 6.1n , L. J. A. Koster et al. [58] mentioned 
that at room temperature ideality factor, n  typically amounts to 1.4.  
Though the common diode equation has been used for the dark current, its validity in BHJ 
solar cells has not yet been justified. In fact, the dark current behavior significantly varies 
among the experimental results [59,60]. In this thesis, the expression of dark current is 
derived solving physical equations and via adopting three slightly different methods. These 
methods are described below. 
3.2.1 Adapting the assumption of K. Taretto [61] 















00 exp ,        (3.3)  
where, F0 and n0 are the thermal equilibrium electric field and thermal equilibrium electron 
























        (3.5) 
If the effective density of states for both the conduction and valence bands are considered 






















        (3.6)  
Now, to calculate the carrier concentration, continuity equation needs to be solved. The 
continuity equation for electron in the blend layer can be written as 






        (3.7) 
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where, nG and nR are the generation and recombination rate respectively.  xRn and  xJ n  
can be defined as 






0          (3.8)




eDFxnexJ nnn          (3.9) 
where, τn is the electron lifetime. Gn = 0 for dark condition. 
If the expression of Eq. (3.9) is used in Eq. (3.7) then it becomes 
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 ,  where nnn DL      (3.10) 
Therefore, the solution of Eq. (3.10) would be  
















2211 expexpexp,     (3.11) 











































































































    (3.13) 
The second boundary condition will be valid if the device is symmetric [61] (i.e. if the 
injection barriers in both sides of the active layer are equal (1 = 2)). 
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Since half of the length of the entire active layer region is p-type and the rest of it is n-type, 
the recombination current due to minority carrier electron in the first half, 








































































































           (3.16) 
Similarly, solving the continuity equation for holes the following equation can be derived   








































































The boundary conditions for holes are: 






































































    (3.19) 
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Hence, recombination current due to hole will be, 





































































































            
           (3.22) 
Therefore, the total current would be the sum of Eq. (3.16) and Eq. (3.22) 




Figure 3.2 Experimental curve from Rauh et al. [59] (blue dashed line) and derived dark 
current (black solid line) model from Taretto with respect to applied bias. 
 
Figure 3.2 above represents the dark current density (J) as a function of voltage (V). The 
black solid line represents the simulation result (equation 3.23) and the blue dashed line is 
the experimental curve taken from Rauh et al. [59]. The parameters taken to simulate the 
model are shown in Table 3.1. The lifetimes for both electron and hole are kept constant at 
6 µs. It appears that the model fits well with the experimental curve initially when the 
voltage is low. However, a significant mismatch is observed when the voltage is increased.   
 
3.2.2 Fixed carrier concentration at the boundaries 









,        (3.24) 


































exp curve from Rauh
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where rm is the monomolecular recombination coefficient), Jn(x) is the electron current 
density 
When there is no illumination then no excess carrier will be generated (i.e. G=0). Jn(x) can 
be expressed as: 




qDFxnqxJ nnn   ,       (3.25) 
where F is the electric field, μn and Dn are the electron mobility and electron diffusion 
coefficient respectively. If we consider uniform electric field approximation throughout the 





 ,          (3.26) 
where V is the applied bias voltage and Vbi is the built-in potential of the device that can be 
calculated from the work functions difference of the electrodes.  
If we use Eq. (3.25) and (3.26) and replace the values in Eq. (3.24) then it becomes 































 ; (Diffusion coefficient is assumed to be 





















; Ln = Diffusion Length  
Thus, the solution of electron density would be:  




















The fermi position at the two contacts is determined by the metal work functions. Thus, 































,        (3.29) 
where, Nc is the effective density of states in the conduction band.   
Applying boundary conditions in Eq. (3.27), the expressions of A1 and A2 are, 













































,     (3.30) 













































,     (3.31) 
 
Similarly, the expression of holes under dark condition is, 

















  and ppp DL   

































,        (3.34) 
where, Nv is the effective density of states in the valence band. 
Applying the above boundary conditions in Eq. (3.32), the constants B1 and B2 are, 












































,     (3.35) 









































,     (3.36) 
In the dark condition, recombination current dominates over drift and diffusion current. 
“Shockley-Read-Hall” recombination (or SHR model) is considered for the recombination 
current. According to the SHR model, the recombination rate is,  










,        (3.37) 
where, ń and ṕ are the trapped electron and hole concentrations, τn and τp are the excess 
electron and hole lifetimes. For simplicity, the trap levels are assumed to be near the middle 
of the bandgap (i.e. ń = ṕ ≈ ni). Hence, Eq. (3.37) becomes 
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        (3.39) 
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Note that one has to substitute the values of n and p from equations (3.27) and (3.32) into 
equation (3.38) and perform numerical integration of equation (3.39) in order to calculate 
the dark current, Jdark. Fig. 3.3 shows the numerical simulation of the equation (3.39). The 
simulation curve (black solid line) fits well with the experimental dark current curve (blue 
solid line) [59]. Therefore, this model is taken as the dark current model for further analysis. 
 
Figure 3.3 Experimental dark current (blue dashed line) [59] and the derived dark current 
model (black solid line) as a function of applied voltage 
 
The parameters taken to plot the graph are given in the Table 3.1. The electron and hole 
lifetimes are kept fixed at 1µs and 3 µs respectively. 
As shown in figure 3.1, holes are the majority carrier in the first half of the active layer (0 
to L/2) and electrons are the majority carriers in the other half (L/2 to L). Thus, the 







for x=0 to L/2 provided 1 ≈ 2 , where τn is the electron lifetime. Similarly, recombination 

































accurate n and p in SHR
exp curve from Rauh
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0  for x=L/2 to L, where τp is the hole 
lifetime. 
Therefore, the recombination current due to the electron is 
 













,        (3.40) 
n(x,V) is the voltage and position dependent electron concentration given in Eq. (3.27) and 
if V is set to zero in this expression then n0(x) can be found. 























0  and A1, A2 are given in Eq. (3.30) and 
(3.31) respectively. Now, if Eq. (3.40) is integrated after replacing these values then the 












































































































   (3.42) 
Similarly, recombination current due to hole would be, 












,        (3.43) 
p(x,V) is the voltage and position dependent hole concentration given in Eq. (3.32) and if 
V is set to zero in this expression then p0(x) can be found. 























0  and B1, B2 are given in Eq. (3.35) and 
Eq. (3.36) respectively. Therefore, from Eq. (3.43), 
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Thus, the total recombination current would be the sum of Eq. (3.42) and (3.45) 
rprndark JJJ           (3.46) 
Fig. 3.4 represents the comparison between the experimental data obtained by Rauh et al. 
[59] vs the curve derived from the analytical model simplifying the Shockley-Hall-Read 
recombination method.  
 
Figure 3.4 Experimental dark current Rauh et al. [59] (blue dashed line) and the derived 
dark current from simplified SHR (black solid line) as a function of voltage 
The parameters taken are shown in the Table 3.1. The value for electron and hole lifetimes 
are kept constant at 3 µs. 
 

































accurate n and p in simplified SHR
exp curve from Rauh
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3.2.3 Approximated carrier concentration assuming uniform quasi-fermi 
levels 
Fig. 3.5 shows the energy band diagram for an applied voltage, V . Once we apply an 
external voltage in the system, this voltage creates a separation of fermi levels called quasi-
fermi levels and reduces the tilt of the bands (i.e. the electric field of the layer). It is obvious 
from the figure that quasi-fermi levels for both electrons ( FnE ) and holes ( FpE ) coincide 
with each other in the contacts, yet in most part of the blend thickness the difference 
remains the same. 














Figure 3.5 Energy band diagram for applied bias (V) 
Therefore, in this method a constant difference among quasi-fermi levels all over the blend 
thickness (shown in red dashed lines) is considered. Thus, the fermi level for electrons can 
be defined as 
  20  eVxEFn          (3.48) 
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  1 gFn ELxE          (3.49) 
Hence, fermi level for electrons can be expressed as follows  
   
























 2,         (3.50) 















nVxn exp,  


































































    (3.51) 
Similarly, for holes we can get 
  20 FpE           (3.52) 






































     (3.55) 
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          (3.56) 
where R is the SHR recombination rate that can be defined as 












If n and p are replaced from Eq. (3.51) and (3.55) respectively in Eq. (3.56) then integrated 
throughout the entire active layer with respect to position then dark current will be 
obtained. 
Fig. 3.6 shows the numerical solution of Eq. (3.56) and displays a comparison with the 
empirical data [59]. 
 
Figure 3.6 Empirical dark current curve Rauh et al. [59] (blue dashed line) and the derived 
dark current (black solid line) as a function of voltage 
The parameters used to plot the above figure are given in Table 3.1. The electron and hole 
lifetimes are 3 µs and 2 µs respectively. 

































approximated n and p in SHR
exp curve from Rauh
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The recombination current due to electron can be simplified by using simplified SHR 
equation, 



















































































































































































































































 (3.57)  
 
Again, recombination current for holes would be 






















































































































































































































































































































































































            
           (3.59) 
Figure 3.7 shows the experimental dark current curve (blue dashed line) and the derived 
dark current curve (solid black line) in equation (3.59) 
 
Figure 3.7 Experimental graph (blue dashed line) from Rauh et al. [59] and the derived 
dark current (black solid line) vs applied voltage 
 
The parameters used to plot the figures are written in Table 3.1. The electron and hole 
lifetimes are kept fixed at 4 µs and 3 µs. 
 

































approximated n and p in simplified SHR
exp curve from Rauh
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3.3 Results and discussions 
In this chapter, different dark current models are examined and observed as a function of 
the external voltage in BHJ organic solar cells by comparing the model calculations with 
recently published experimental results. The various parameters of the P3HT:PC61BM BHJ 
organic solar cells are given in Table 1. The effective bandgap is the difference between 
acceptor LUMO level and donor HOMO level. Unless otherwise stated, the parameters 
shown in Table 1 are the fixed parameters used in all model calculations.  
Table 3.1 Parameters used to calculate the J-V characteristics of the organic solar cell 
Parameters Values 
Effective bandgap, Eg 1.0 eV 
Effective density of states in conduction 
(valence) band, Nc (Nv) 
  2×1020 cm-3 
Mobility of electron, μn 2×10-3 cm2/V-s 
Mobility of hole, μp 2×10-4 cm2/V-s 
Electron (Hole) injection barrier, 1 (2) 0.1 eV 
Series area resistance, Rs 1 Ω-cm2 
Parallel area resistance, Rp 10
6 Ω-cm2 
 
3.3.1 Dark current density 
Fig. 3.8 (a) and 3.8 (b) show the dark current versus external voltage of a P3HT:PC61BM 
solar cell. The experimental data are extracted from Refs. [59] and [60]. The active layer 
thickness, L is 200 nm [59]. The symbols, dashed, dotted, solid, and dash-dotted lines 
represent experimental results, drift-diffusion model of Kumar el al. [14], present model 
fit to experimental data of Eqns. (3.38), (3.45) and (3.58) respectively. The common diode 
equation are also shown in figures (blue solid square symbolic line). The ideality factor, n 
= 1.67 and 1.9 and reverse saturation current density, Jo = 15×10
-6 mA/cm2 and 20×10-6 
mA/cm2 are taken in Figs. 3.8(a) and 3.8(b) respectively. As evident from Figure 3.8, the 
dark current models considering the SRH recombination provide better fittings. The results 
of the equations (3.38) and (3.45) are almost identical because of symmetrical carrier 
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profile across the active layer (1 = 2).  The best fitted parameters in Figure 3.8 are; µp = 
2×10-4 cm2/Vs, µn = 2×10
-3 cm2/Vs, Rs = 1 Ω-cm2. The carrier lifetimes, n = p = 3 and 6 
s in Figs. 3.8(a) and 3.8(b) respectively. The drift-diffusion model of Kumar el al. [14] 





Figure 3.8 Dark current-voltage characteristics of P3HT:PCBM solar cells 
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The dark current as a function of the external voltage of a PTB7:PC71BM (poly[[4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b:4,5-b]dithiophene-2,6-diyl][3-fluoro-2-[(2-
ethylhexyl)carbonyl] thieno [3,4-b] thiophenediyl]]) solar cell is shown in Figure 3.9. The 
experimental data are extracted from Refs. [59]. As like P3HT:PC61BM solar cell, the SRH 
recombination is the main source of dark current in PTB7:PC71BM solar cells. The best 
fitted values of carrier lifetimes n = p = 45 s. The ideality factor, n = 2.1 and reverse 
saturation current density, Jo = 15×10
-6 mA/cm2 are considered for the common diode 
curve All other parameters in Figure 3.9 are the same as in Figure 3.8. Since the results of 
the equations (3.39) and (3.46) are almost identical and show the best fit to the experimental 
data, equation (3.46) is used for calculating the dark current in the rest of this thesis. 
 
Figure 3.9 Dark current-voltage characteristics of a PTB7:PC71BM solar cell. 
 
3.3.2 Energy band diagram 
Fig. 3.10 represents the energy band diagram in the active blend layer of the BHJ solar cell. 
The parameters used to draw the energy band diagram such as energy bandgap, effective 
density of states in conduction (valence) band, mobility of electrons (holes), electron (hole) 









































injection barrier are taken from Table 3.1. The electron and hole lifetimes are kept constant 




Figure 3.10 Energy band diagram showing the quasi-Fermi levels for both electron and 
holes for an external bias of 0.5 V at thermal equilibrium 
 
The figure shows that the quasi fermi levels (EFn and EFp) are almost uniform throughout 
the entire blend region except near the two sides of the layer. Therefore, for simplicity, an 
uniform quasi-fermi levels can be assumed to approximate the carrier concentration. Both 
electron and hole fermi levels are joined together at the two ends. From the figure it can be 
observed that in the first half of the active layer the difference from the intrinsic fermi level 
to the hole fermi level is much greater than that of the electron fermi level. 
3.3.3 Recombination rate 
Fig. 3.11 shows the relative recombination rate for different biases in the active layer of 
the solar cell at the dark condition. A very sharp peak occurs in the middle of the blend 







































layer length which means recombination takes place mostly in the middle. As the voltage 
increases, the curve shifts left due to the difference in the carrier mobility. The parameters: 
Eg, Nc, Nv, μn, μp, 1, 2 are taken from Table 3.1. The active layer thickness, L is considered 
to be 100 nm. Electron and hole lifetimes are fixed at 1 µs. 
 
Figure 3.11 Relative recombination rate with respect to distance for different applied 
voltages (dotted line, dashed line and solid line are for 0.3, 0.4, 0.5 voltages respectively) 
 
3.3.4 Carrier concentration 
Fig. 3.12(a) and 3.12(b) represent electron and hole concentrations while the solar cell is 
in the dark condition for different applied biases. At zero bias, the carriers increase linearly 
in logarithmic scale because the carrier profile is exponential (Eq. 3.2). As the voltage 
increases, the built-in-electric field is reduced and the carrier profiles follow the quasi fermi 
levels (Fig 3.10). Nevertheless, the two edges of the active layer have the same electron 
and hole concentrations since 1 = 2. All the parameters are taken from Table 3.1. The 
electron and hole lifetimes are kept constant at 1 µs. 













































Figure 3.12 (a) Electron concentration (b) Hole concentration for various applied voltages 
under dark condition. 
 
 












































































In this chapter, three models have been proposed assuming different boundary conditions 
for calculating dark current. At the same time a comparative analysis has been performed 
at the end to check the accuracy of each model. Among the three models, the dark current 
models considering the SRH recombination with accurate n and p provide better fittings 
with the experimental results. The accurate expression of R and its simplified version give 
almost identical results because of the symmetrical carrier profiles across the active layer 




















CHAPTER 4: PHOTOCURRENT MODEL OF 
BHJ 
4.1 Introduction 
In this chapter, an analytical model for voltage-dependent photocurrent is presented 
considering electric field dependent escape probability. When a solar cell is illuminated in 
the sunlight, it absorbs light particles or photons if the photon energy is greater than or 
equal to the LUMO and HOMO difference of the active layer. As it is mentioned earlier, 
the potential difference between donor (conjugated polymer) and acceptor (soluble 
fullerene derivative) near the heterojunction helps the excitons to dissociate. Photocarriers 
are generated if the diffusion length of the bound EHPs is greater than the interface length 
that an exciton needs to travel. In BHJ polymer solar cells, donor and acceptor materials 
are mixed together to spread dissociation sites in the entire blend layer (P3HT:PCBM). The 
probability of EHPs separation is known as escape probability. The dissociation of the 
bound EHPs is determined by the Modified Braun Model, which supports the exact 
extension of Onsager theory at low electric field. An exponential photon absorption and 
actual solar spectrum are also taken into account to compute the photocurrent densities at 
various output voltages. The incident photon flux, AM 1.5 global spectrum, is taken from 
the ASTM G-173-03 standard [62]. The total load current is calculated including the effects 
of voltage dependent forward dark current which has been developed in the previous 
chapter. The developed model is then compared with the published experimental data. This 
chapter combines selected material from my published journal paper.2  
4.2 Modified Braun model 
Braun [63] proposed an empirical model to compute electric field-dependent escape 
probability, assuming geminate recombination at a nonzero reaction radius. The minimum 
distance required for bound electron and hole is called the reaction radius. Onsager 
assumed zero reaction radius for geminate recombination [18]. This assumption leads to a 
                                                 
2 Saleheen, M., Arnab, S. M., & Kabir, M. Z. (2016). Analytical Model for Voltage-Dependent Photo and 




very low separation rate as compared to the observed escape probability in P3HT:PCBM 
blends. However, it has been shown that bound electron and hole recombine at a nonzero 
distance [48]. Thus, Onsager model cannot explain the exact behavior of the geminate pairs 
under the influence of a built-in potential. 
Based on the theory that geminate recombination occurs at a nonzero reaction radius, Braun 
proposed an empirical model to measure the electric field dependent escape probability. 










         (4.1) 










K f is the recombination rate of bound EHPs, r0 is the initial separation of electron 
and hole (or reaction radius) and S denotes the reactivity parameter. The relative velocity 
between bound electron and hole at the reaction radius is known as the reactivity parameter. 
Later, Wojcik et al. [18] showed that Eq. (4.1) is not valid because both recombination and 
separation processes are assumed to follow exponential kinetics. They showed that 
Modified Braun model agrees well with the exact extension of Onsager theory except at 
very high electric field. The Modified Braun’s model expressed dK as below [18] 













        (4.2) 













is the Onsager radius, 1J is the first order Bessel function, 
r0 is the effective dielectric constant of the blend, e is the elementary charge, k  is the 









































       (4.3) 
4.3 Electric field dependent photocurrent model 
To achieve a physics based photocurrent model, the continuity equation needs to be solved 
to find out the photo-generated carrier concentration and hence the total photo-current 
density. Few assumptions have been made to derive this model: (i) uniform electric field F 
in the blend layer, (ii) constant drift mobility (μ) and a single lifetime (τ) for both holes and 
electrons in the donor and acceptor, respectively. 
4.3.1 Net current density 
The total net current density from a solar cell is [64] given by 








        (4.4) 
where, Jdark is the dark current density, Jph is the photocurrent density, Rs and Rp is the 
series and shunt area resistances respectively. 
4.3.2 Photocarrier generation rate 
The electron-hole pair generation rate (G) in the P3HT:PCBM blend layer can be expressed 
as [65] below 
         hcMIRVG  01,        (4.5) 
where, I0 is the intensity of the solar spectra (W/cm
2-nm), c is the speed of light, h is the 
Plank constant, M is the field dependent dissociation efficiency, R is the reflectance or the 




4.3.3 Field dependent photocurrent density 
When the solar cell is illuminated in the sunlight then light particles (i.e. photons) are 
absorbed in the active layer region and as a result excess carriers are generated. Then these 
carriers are drifted towards the two electrodes (electrons in the cathode and holes in the 
anode) due to the strong electric field in the active layer. These excess carrier densities can 
be calculated from the continuity equation as follows 
For electrons, 


























 .  
G is the EHP generation rate at x=0, α(λ) is the absorption coefficient of the blend for the 
photons of wavelength λ        
Under these assumptions the Eq. (4.6) becomes 


















 ,    (4.7) 
The solution of Eq. (4.7) is 


















Since the carrier concentrations at the two boundaries are fixed, the boundary conditions 
for the photogenerated excess carriers are  
  00 n ,          (4.9) 
  0Ln ,          (4.10) 
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Applying boundary conditions in Eq. (4.8), the expressions of C1 and C2 are, 
    












,       (4.11) 
    





















 ,        (4.13) 
Therefore the photocurrent density due to electrons that are travelling towards the back 
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  (4.14) 
Similarly, the hole concentration is, 

















    
    












,       (4.16) 
    
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   (4.19) 
Therefore the total photocurrent density due to the incident photon radiation can be 
obtained by integrating over all incident photon wavelengths of the solar spectrum, i.e., 




,,        (4.20) 
Now, if Jph (V) is plugged into Eq. (4.4) then total net external current density can be 
obtained. 
 
4.4 Results and discussions 
To validate the model, the dark current expression (derived in Chapter 3) and the 
photocurrent expression are plugged into the net current density equation (Eq. 4.4) of the 
solar cell to plot the J-V characteristics of the solar cell and then fitted with the 
experimental results using the software MATLAB. Besides, the effect of blend thickness, 
injection barrier and carrier mobility effect on the current density, potential distribution, 
carrier density distributions and recombination distribution in the layer are also analyzed 
in this chapter. The parameters used for photocurrent model calculation of the 
P3HT:PC61BM are given in Table 4.1. Unless otherwise specified, these values are the 





Table 4.1 Parameters used for calculating photo-characteristics of P3HT:PC61BM BHJ 
organic solar cells. 
Parameters Value 
Effective Bandgap, Eg 1 eV 
Electron (Hole) injection barrier, 1 (2) 0.1 eV 
Effective density of states in conduction 
(valence) band, Nc (Nv) 
2×1020 cm-3 
Relative dielectric constant r 3.5 
Parallel area resistance, Rp 10
6 ohm-cm2 
Initial separation, r0 1.5 nm 
 
4.4.1 Excess photo carrier concentration 
Fig. 4.1(a) and 4.1(b) show the density of electrons and holes for different bias voltages 
when the solar cell is illuminated. When the solar cell is exposed to sunlight, light particles 
or photons are absorbed. The photons are absorbed exponentially and thus photocarriers 
are also generated exponentially. Photogenerated electrons move towards the back 
electrode and holes move towards the front electrode (radiation receiving electrode). The 








Figure 4.1 (a) Photo-generated excess electron (b) excess hole concentration for various 
voltages 
 
















































































4.4.2 J-V characteristics 
Figure 4.2 shows the J-V characteristics of P3HT: PCBM solar cells at different sun 
intensities (i.e. 0.5, 0.75, 1 and 1.4 sun) for L=230 nm. The symbols and black solid lines 
represent experimental data [53] and model fit, respectively. The analytical model is 
compared with and justified by fitting the published experimental results. The absorption 
coefficients of the blends (PCDTBT:PC70BM and P3HT:PC61BM) at different wavelengths 
are taken into account [67,28]. The carrier lifetime and mobility are kept within a suitable 
range while fitting the experimental results [21,68]. The experimental data for different sun 
intensities are collected from Shuttle et al. [Fig. 4(a) of Ref. 53]. The exciton dissociation 
efficiency at the operating voltage is about 87% for r0 = 1.5 nm.  In order to ensure the best 
fit to the experimental results, the electron and hole lifetimes are kept fixed at 2 s and 18 
s, respectively. The values of other fitting parameters in Fig. 2 are: µp = 5×10-4 cm2/Vs, 
µn = 5×10
-3 cm2/Vs, Rs = 0.3 Ω-cm2, and R = 0.11. The power conversion efficiency for 1 
sun intensity is 2.87%. The analytical model agrees well with the experimental data.  
 
Figure 4.2 Current-voltage characteristics of a P3HT:PC61BM solar cell at different sun 
intensities. The symbols represent experimental data [53] and solid lines represent the 
model fit to the experimental data. 
 




































4.4.3 Effect of thickness on J-V curves 
Figure 4.3 shows the effects of active layer thickness on J-V characteristics of 
PCDTBT:PC71BM solar cells. The symbols and solid lines represent the experimental 
results [49] and model fit, respectively. The cell performance, particularly the fill factor, 
deteriorates with increasing the active layer thickness from 70 to 150 nm. Low carrier 
mobility in PCDTBT are responsible for lower charge collection efficiency in thicker 
devices. Therefore, the active layer thickness is usually kept around 70-80 nm. The 
bandgap and dielectric constant (εr) of PCDTBT:PCBM blend are 1.2 eV and 3.8.  The 
dissociation efficiencies at maximum power points are 99% and 98.5% for W = 70 nm and 
W = 150 nm, respectively, which indicates that the dissociation efficiency in 
PCDTBT:PCBM blend is much higher as compared to P3HT:PCBM blend. This is due to 
the fact that the dielectric constant for PCDTBT is higher (~3.8) than P3HT (~3.5). Higher 
dielectric constant reduces the coulombic attraction between the bound EHPs. Initial 
separation also affects the dissociation rate. The other fitting parameters in Figure 6 are; μn 
= 5 × 10-5 cm2/Vs, μp = 6 ×10-5 cm2/Vs, τn =13 s, τp = 25 s, r0 =1.8 nm, and Rs = 0.3 and 
1 Ω-cm2 for W = 70 and 150 nm, respectively. The fill factor decreases from 67.8 % to 




Figure 4.3 Current-voltage characteristics of PCDTBT solar cells for different active layer 
thicknesses. The symbols and solid lines represent experimental data [49] and model fit to 
the experimental data, respectively. 
 
4.4.4 Short circuit current density 
The effect of blend thickness (L) on short circuit current density (Jsc) for a P3HT: PCBM 
based BHJ solar cell is shown in Figure 4.4. The symbols and solid lines represent the 
experimental data and the model fit to the experimental results, respectively. The 
experimental data are extracted from figure 6 of [69]. The short circuit current should 
increase with increasing the blend thickness because it absorbs more photons (i.e. higher 
quantum efficiency). On the other hand, the charge collection efficiency decreases with 
increasing the thickness, which results in lower short circuit current. Thus there exists an 
optimum thickness that maximizes the short circuit current as shown in Figure 4.4. The 
fitting parameters in Figure 4.4 are; μn = 10-3 cm2/Vs, μp = 2 ×10-4 cm2/Vs, τn =0.1 s, τp = 
0.2 s, R = 0.02, and Rs = 0.5 Ω-cm2. 
 



































Figure 4.4 Short circuit current density (Jsc) versus active layer thickness (L). Symbols: 
experimental data and solid line: model fit to the experimental results. 
 
4.4.5 Injection barrier effect on J-V curve 
The injection barrier heights have a profound effect on the current-voltage characteristics 
of organic solar cells. The effects of the injection barriers on the current-voltage 
characteristics of P3HT: PCBM based BHJ solar cells are shown in Figure 4.5. An increase 
of the electron (hole) injection barrier is equivalent to an increase (decrease) of the cathode 
(anode) work functions. The built-in potential and electric field decrease with increasing 
the injection barriers, which reduces the charge collection. Therefore, the short circuit 
current decreases almost linearly with increasing the barrier height. The open circuit 
voltage slightly decreases with increasing the barrier heights for low barrier heights (1, 2 
 0.3 eV) and it is equal to the built-in potential for the higher barriers (1, 2  0.4 eV).  
The parameters used in Figure 4.5 are: μn = 210-3 cm2/Vs, μp = 2 ×10-4 cm2/Vs, τn =τp = 20 
s, L = 180 nm, R = 0, and Rs = 0.3 Ω-cm2. 


















   (a)                                (b) 
Figure 4.5 Theoretical net current density versus voltage curves of P3HT:PCBM solar 
cells for varying (a) electron injection barrier (1), and (b) hole injection barrier (2).      
 
The difference in quasi-Fermi levels of electrons and holes can be written as [70] 























Figure 4.6 Band diagram with symmetrical injection barrier (1 = 2) 
 
where 2anpeV and 1catneV . Since )()ln( FpFn EEnp  , the maximum attainable 
open-circuit voltage is determined by the largest photo-generated quasi-Fermi level 
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difference inside the active layer. From the figure it is clear that if the injection barrier is 
increased then the difference between electron and hole quasi-Fermi levels becomes 
smaller which in turn decreases the open-circuit voltage. For this reason, with the increase 
of injection barrier the JV curve shifts from right to left side. 
As we can see from the figure that the short circuit current is also decreasing with the 
increase of injection barrier. This is due to the fact that when the injection barrier is 
increased electric field becomes weaker and then it affects the charge collection efficiency 
i.e. the charge will be lost.   
 
4.4.6 Effects of carrier mobility on J-V curve  
The theoretical net current versus voltage characteristics of P3HT:PCBM solar cells by 
varying carrier mobilities are shown in Figure 4.7. All other parameters in Figure 4.7 are 
the same as in Figure 4.5. The short circuit current decreases drastically with decreasing 
both electron and hole mobilities though the electron mobility affect more severely than 
the hole mobility. The open circuit voltage also decreases with decreasing the electron 
mobility. The hole mobility has almost negligible effect on the open circuit voltage. Both 
the dark and photocurrent increase with increasing the carrier mobilities. The enhancement 
of the photocurrent with carrier mobility is higher than that of the dark current, and thus, 
the net current increases with increasing carrier mobilities. If the mobility is decreased a 
lot then most of the carriers will recombine before collection i.e. charge collection 
efficiency is reduced. For this reason, when the carrier mobility is < 10-4 cm2/V-s, the net 





(a)                                      (b) 
Figure 4.7 Theoretical current-voltage characteristics of P3HT:PCBM solar cells for (a) 
varying electron mobility with µp = 2×10
-4 cm2/Vs and (b) varying hole mobility with µn = 
2×10-3 cm2/Vs. Carrier lifetimes are: n = 15 s and p = 10 s. 
 
4.4.7 Effects of carrier lifetime on J-V curve 
Most of the incident photons are absorbed near the front contact (x = 0) and thus photo-
generated free electrons have to travel relatively longer distance than photo-generated 
holes. Therefore, the efficiency of BHJ solar cells should be more prone to electron lifetime 
than to hole lifetime. The effects of τn and τp on the J-V characteristics of a 230 nm thick 
P3HT:PCBM solar cell are shown in Figures 4.8 (a) and (b), respectively. All other 
parameters in Figure 10 are the same as in Figure 8. The open circuit voltage and short 
circuit current decrease with decreasing both the electron and hole lifetimes. However, the 
open circuit voltage is more prone to the electron lifetime whereas the short circuit current 
is more prone to the hole lifetime. The enhancement of the dark current with decreasing 
carrier lifetimes reduces the open circuit voltage.  

































































































(a)                                            (b) 
Figure 4.8 Theoretical current-voltage characteristics of P3HT:PCBM solar cells for (a) 
varying electron lifetimes with p = 20 s and (b) varying hole lifetime with n = 20 s.  
Carrier mobilities are: µp = 2×10




In this chapter, an analytical photocurrent model has been proposed considering a uniform 
electric field in the active layer and by solving the continuity equations for both holes and 
electrons. The net external current is determined by combining the dark current (from 
chapter 3) and considering the actual solar spectrum. The model is verified by comparing 
the model calculations with various experimental data. The effects of the contact 
properties, blend compositions, charge carrier transport properties (carrier mobility and 
lifetime) and cell design on the overall current-voltage characteristics have been analyzed. 








































































































CHAPTER 5: CONCLUSION, CONTRIBUTION 
AND FUTURE WORKS 
 
5.1 Conclusion 
In this thesis, physics-based mathematical models for the external voltage-dependent 
forward dark current and photocurrent of BHJ organic solar cells have been developed. 
The mathematical models are verifield by comparing the model calculations with various 
published experimental results. The effects of the contact properties, blend compositions, 
charge carrier transport properties (carrier mobility and lifetime), and cell design on the 
current-voltage characteristics have been analyzed. The power conversion efficiency of 
BHJ organic solar cells mostly depends on electron transport properties (both the mobility 
and lifetime) of the acceptor layer. 
 
The solar cell efficiency also depends on the dissociation efficiency. In this thesis, 
Modified Braun Model is used to calculate the dissociation efficiency of P3HT:PCBM BHJ 
organic solar cell. Modified Braun’s model shows good agreement with exact extension of 
Onsager theory at low field. The cell performance improves a lot with the increase in 
dissociation efficiency which has shown. Again, it has been showed that the cell efficiency 
is more prone to the electron lifetime than to hole lifetime since electron has to travel 
relatively longer distance than the holes. Another way to increase the cell performance is 
annealing. The hole mobility can be improved by annealing which results significant 
increase in overall efficiency of solar cells based on P3HT:PCBM blend. Besides, if 
PC71BM is used instead of PC61BM as an acceptor layer, the cell efficiency increases 
because of the high absorption coefficient of PC71BM. Therefore, keeping the same active 
layer thickness more photo-current can be achievable in PC71BM than in PC61BM.    
 
5.2 Contributions and publications 
A physics based explicit mathematical model for the external voltage-dependent forward 
dark current in BHJ organic solar cells has been developed by considering Shockley-Read-
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Hall recombination and solving the continuity equations for both electrons and holes. Also, 
an analytical model for the external voltage-dependent photocurrent in BHJ organic solar 
cells has been proposed by incorporating exponential photon absorption, dissociation 
efficiency of bound EHPs, carrier trapping, and carrier drift and diffusion in the photon 
absorption layer. The following paper is published in a peer-reviewed journal. 
 Saleheen, M., Arnab, S. M., & Kabir, M. Z. (2016). Analytical Model for Voltage-
Dependent Photo and Dark Currents in Bulk Heterojunction Organic Solar Cells. 
Energies, 9(6), 412. 
This work is also presented as a poster in the following conference, 
 M. Mesbahus Saleheen, Salman M. Arnab and M. Z. Kabir , “Analytical model for 
voltage-dependent photo and dark currents in bulk heterojunction organic solar 
cells”, The 7th International Conference on Optical, Optoelectronic and Photonic 
Materials and Applications, Polytechnique Montréal, Québec, Canada, June 13-17, 
2016.  
 
5.3 Future work 
Significant progress can be achieved in OPV device performance by material designing as 
cell performance depends largely on the optical and electronic properties of the constituents 
of the active layer. The effective and donor materials can be improved with appropriate 
band gap and energy levels so that the power can be maximized. Besides, the mobility of 
charge carriers should be improved. Dissociation efficiency is another great factor in the 
device performance. It has been shown before that if PCDTBT is used instead of PCBM 
as an acceptor then the dissociation efficiency goes to almost 99% because PCDTBT is a 
high dielectric material. High dielectric constant reduces the coulombic attraction between 
the bound electron and hole. However, the efficiency of PCDTBT is largely depends on 
the charge transport property i.e. charge collection efficiency. The carrier mobilities are 
very low in PCDTBT material. Therefore, improving the material properties while 
considering the dissociation rate is a great challenge for device efficiency.  
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The work of this thesis provides a complete physics-based model for analyzing the effects 
of the various controlling parameters on the current voltage characteristics. Thus, this thesis 
work will provide a quick design tool for optimum solar cell efficiency. Two important 
assumptions are considered in this thesis. These are (i) uniform electric field and (ii) 
omission of bimolecular recombination. The precise effects of these two mechanisms can 
be determined only by simultaneously numerical solution of the Poisson’s and continuity 
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